Two-dimensional (2D) magnetic materials are of great current interest for their promising applications in spintronics. Here we propose the van der Waals (vdW) material VI3 to be a 2D Ising ferromagnet (FM), using density functional calculations, crystal field level diagrams, superexchange model analyses, and Monte Carlo simulations. The a1g 1 e ′ − 1 state in the trigonal crystal field turns out to be the ground state, and it gives rise to the 2D Ising FM due to a significant single ion anisotropy (SIA) associated with the Sz=1 and Lz=-1 state of V 3+ ions. Moreover, a tensile strain on the VI3 monolayer further stabilizes the a1g 1 e ′ − 1 ground state, and the enhanced FM superexchange and the strong SIA would raise the Curie temperature of the VI3 monolayer from 70 K to 90-110 K under a 2.5-5% tensile strain. This prediction is worth a prompt experimental verification. [3, 7] , or heterostructure [8, 9] . This flexibility causes enormous excitement about their promising applications in spintronics.
Two-dimensional (2D) magnetic materials are of great current interest for their promising applications in spintronics. Here we propose the van der Waals (vdW) material VI3 to be a 2D Ising ferromagnet (FM), using density functional calculations, crystal field level diagrams, superexchange model analyses, and Monte Carlo simulations. The a1g 1 e ′ − 1 state in the trigonal crystal field turns out to be the ground state, and it gives rise to the 2D Ising FM due to a significant single ion anisotropy (SIA) associated with the Sz=1 and Lz=-1 state of V 3+ ions. Moreover, a tensile strain on the VI3 monolayer further stabilizes the a1g 1 e ′ − 1 ground state, and the enhanced FM superexchange and the strong SIA would raise the Curie temperature of the VI3 monolayer from 70 K to 90-110 K under a 2.5-5% tensile strain. This prediction is worth a prompt experimental verification.
Two-dimensional (2D) crystals with intrinsic magnetism have been of great interest since the experimental achievements of the atomically thin CrI 3 [1] and Cr 2 Ge 2 Te 6 [2] flakes by mechanical exfoliation of bulk crystals. Through magneto-optical Kerr effects, the CrI 3 monolayer and Cr 2 Ge 2 Te 6 atomic layers have been demonstrated to be a ferromagnet (FM) with out-ofplane spin orientation. More recently, isolated monolayers from the layered metallic magnet Fe 3 GeTe 2 [3] have been exfoliated and their Curie temperature (T C ) can be above room temperature with ionic gating. Those 2D FMs provide unique opportunities for understanding, exploring and utilizing novel low-dimensional magnetism. Due to the thickness of one or few monolayers, one may be able to control the 2D magnetic properties by applying weak magnetic field [4] [5] [6] , electric field [4, 5] , doping [3, 7] , or heterostructure [8, 9] . This flexibility causes enormous excitement about their promising applications in spintronics.
Very recently, VI 3 emerges as a new 2D material with a similar van der Waals (vdW) layered structure as CrI 3 which is currently under extensive study [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The bulk material of VI 3 has been synthesized by several groups [14] [15] [16] , and it is found to be an interesting FM insulator with T C ≈ 50 K and the easy magnetization c-axis [14, 15] . Note that CrI 3 has a closed t 2g 3 shell for the octahedral Cr 3+ S=3/2 ion. Therefore, its orbital singlet produces no single ion anisotropy (SIA), and its finite perpendicular magnetic anisotropy comes from the exchange anisotropy caused predominantly by the spinorbit coupling (SOC) of the heavy I 5p orbitals and their hybridization with the Cr 3d [12, 13] . In contrast, VI 3 has an open t 2g 2 shell for the S=1 V 3+ , and therefore it has room to achieve an orbital moment and a consequent strong SIA due to SOC. Then, VI 3 may be an Ising type 2D FM.
In this Letter, we indeed find that VI 3 vdW monolayer has the a 1g 1 e ′ − 1 ground state with S z =1 and L z =-1 in the trigonal crystal field. The FM superexchange and the strong perpendicular SIA produce the 2D Ising FM. The a 1g 1 e ′ − 1 ground state can further be stabilized by a tensile strain, which would enhance T C of the VI 3 monolayer from 70 K to 90-110 K under 2.5-5% strain. Therefore, the VI 3 monolayer could be the first real 2D Ising FM, which calls for a prompt experimental verification.
We have carried out density functional theory (DFT) calculations for both bulk and monolayer VI 3 , using the full-potential augmented plane wave plus local orbital code (Wien2k) [17] . A 20-Å thick slab was used to model the monolayer. The experimental lattice parameters [14] were used and the structural optimization was also carried out, and two sets of results turn out to be very similar as seen below. The global coordinates are used, with the z-axis parallel to the crystallographic c-axis (i.e., along the [111] direction of the local VI 6 octahedra, see Fig. 1 ). The muffin-tin sphere radii were chosen to be 2.2 Bohr for V and 2.5 Bohr for I. The plane wave expansion of the interstitial wave functionals was set to be 12 Ry. The Brillouin zone integration was performed over 12 × 12 × 1 k-mesh. To account for the electron correlation of the narrow V 3d bands, the local-spin-density approximation plus Hubbard U (LSDA+U) calculations were performed using Hubbard U=4.0 eV and Hund exchange J H =0.9 eV [18] . The SOC is included for both V 3d and I 5p orbitals by the second-variational method. As seen below, the SOC is crucial and any reasonable U (e.g., 2-5 eV) is big enough to open an insulating gap between the SOC split e ′ ± states and hence reach the same ground state solution for VI 3 simulations on a 6 × 6 × 1 spin matrix. At each temperature, 2.4×10
7 MC steps/site were performed to reach an equilibrium using the Metropolis method [19] , and then the specific heat is calculated.
We first consider the situation in the bulk VI 3 where some recent experimental results [14, 15] are available for comparison. According to the crystal structure of the bulk VI 3 in the R3 space group [14] , the V ions have a local octahedral coordination but a trigonal crystal field in the global coordinate system, which splits the otherwise degenerate t 2g triplet into the a 1g singlet and e ′ ± doublet, see Fig. 1 . Several very recent DFT studies gave conflicting results for the bulk VI3 (either metallic [14, 20] or insulating [15, 16] ), but so far no understanding of the perpendicular FM has been available. In the DFT+U framework one may readily get the insulating solution with the e ′ ± 2 double occupation, in contrast to the metallic state a 1g 1 e ′ ± 1 with the half filled e ′ ± doublet. However, it is the half-filled e ′ ± doublet (Figs. 1(d) and 1(e)) which makes the SOC active and may eventually determine the perpendicular FM. For this purpose, we have carried out LSDA+SOC+U calculations for the bulk VI 3 to make a direct comparison between two configurations, e ′ ± 2 and a 1g 1 e ′ ±
1 . These two configurations are initialized via the occupation density matrix over the eigen orbitals [21, 22] , rather than a common representation by the two doublets (xy, x 2 -y 2 ) and (xz, yz) in the trigonal crystal field, which may not find the correct a 1g 1 e ′ − 1 ground state in the calculations. Our LSDA+SOC+U calculations show that both insulating solutions can be stabilized, and that the a 1g 1 e
state, now with l z =-1, is more stable than the e ′ ± 2 state, by 9.3 meV/fu, as seen in Table I . Both the solutions have the local V 3+ spin moment more than 1.8 µ B and the total spin moment of 2 µ B /fu, showing exactly the formal V 3+ S=1 state. Note that the former solution has now a large orbital moment of -1.05 µ B along the z-axis due to filling of the lower e ′ − (l z =-1) level after the SOC splitting of the e ′ ± doublet ( Fig.1(e) ). In contrast, the fully occupied e ′ ± 2 doublet has no orbital degree of freedom and thus only a very small orbital moment of 0.05 µ B is induced by the SOC. To prove the essential role of the SOC, we have also calculated the a 1g 1 e ′ + 1 state with filling of the SOC-split upper e ′ + (l z =1) level. The resulting total energy rises by 38.7 meV/fu, compared with the a 1g 1 e ′ − 1 ground state. Then the SOC parameter of the V 3+ ion ξ=38.7 meV is derived, and it is (largely) responsible for the energy lowering of the a 1g 1 e ′ − 1 ground state, relative to the e ′ ± 2 state where the SOC is almost absent. Note that the SOC parameter ξ is partially enhanced [23, 24] here by the strong SOC of the heavy I atom via the I 5p-V 3d hybridization.
Moreover, for both insulating solutions, a 1g 1 e ′ − 1 and e ′ ± 2 , the FM state is more stable than the antiferromagnetic (AF) state, see Table I . But note that while the FM stability against AF is 6.5 meV/fu for the e ground state appears also in the VI 3 monolayer and will be explained below. The FM order can further be stabilized by its Ising type magnetic moment due to the SOC between the S z =1 and L z =-1. The total magnetic moment of about 1 µ B /fu is strongly reduced from the V 3+ S=1 state, and it well accounts for the experimental easy z-axis magnetization of 1-1.3 µ B in the FM insulat- ing VI 3 [14, 15] .
As VI 3 bulk has already the potential to be an Ising FM, its vdW monolayers could well be a 2D Ising FM, with a better tunability. The cleavage energy is calculated to be 0.27 J/m 2 , using DFT+vdW corrections within the Grimme's approach [25] 2 state has only the pure S=1 and a quenched orbital moment, i.e., no SIA which would be very beneficial for the 2D FM. Apparently, such a solution would hardly explain the strong perpendicular FM observed in bulk VI 3 [14, 15] . Then, one may have to resort, as in the extensively studied CrI 3 [12, 13] , to the weak exchange anisotropy due to the SOC of I 5p orbital and it strong hybridization with V 3d. But actually, VI 3 has a more than one order of magnitude stronger SIA, which determines its 2D Ising FM as demonstrated below.
Our LSDA+SOC+U calculations give the insulating a 1g 1 e ′ − 1 ground state (Fig. 2) , with the gap opening due to the electron correlation within the SOC-split l z = ±1 states, and it is more stable than the e (JT) active and may distort and fill orbitals according to the JT scenario -here for V 3+ 3d 2 occupation, giving the e ′ ± 2 state. But they can also form the state with unquenched orbital moment and gain extra SOC energy. The above results imply that the SOC effects, from V 3d itself and I 5p via the p-d hybridization (see Fig. 2 Fig. 1 ), we discuss the near-90
• FM superexchange interactions, see Fig. 3 . Here we choose a local octahedral XY Z coordinate system, with the XY Z axes directed from V to neighboring I ions. Then the local octahedral t 2g triplet under a trigonal crystal field can be expressed as
The V-V superexchange contains several contributions. In analogy with the well studied CrI 3 , the main FM contribution comes from the occupied t 2g -empty e g virtual hoppings [11] . There are also AF processes, due to hoppings between the occupied t 2g orbitals. Importantly, in VI 3 , and in contrast to CrI 3 , there appear the FM contributions due to hoppings from occupied to empty t 2g orbitals; these will turn out to be crucial in enhancing FM contributions for the a 1g 1 e ′ − 1 ground state. We schematically illustrate these contributions treating VI 3 as a Mott-Hubbard (MH) insulator. Actually for such ligand as I the system may be close to a chargetransfer (CT) regime, see e.g. Ref. 27 ; this would add extra terms in the superexchange, but this would not change the main conclusions here. In the MH regime the main superexchange occurs due to the effective dd hoppings through the same 5p orbital of I ions (in CT case also the hoppings via different orthogonal 5p orbitals could enter). The main FM contribution comes from the effective V-V hopping from each of the above three orbitals to the neighboring empty (real) e g orbital 3Z 2 − r 2 via the mechanism shown in Fig. 3(a) (the hoppings to X 2 − Y 2 orbital via two iodine ions cancel due to the signs of the d-and p-wave functions). According to Fig.  3(a) , only the XY component of each of the states in Eq. 1 is active here, and the hoppings from each of them to the 3Z 2 − r 2 orbital of a neighboring V are equal, and we see that this FM contribution is the same for both the a 
where t 0 = t 2 pdπ /(3∆) and ∆ is the charge transfer energy. Using these hoppings, one can show that the AF contribution due to hopping between occupied t 2g orbitals is again the same for both a 1g 1 e
′ −
1 and e
′ ±
2 . This is however not the case for the FM t 2g -t 2g contribution. Then, for the e ′ ± 2 state (Fig. 3(d) ), the FM superexchange due to the above hoppings gains the energy against the AF by (4t 2 0 /U )·(2J H /U ). But for the a 1g 1 e ′ − 1 ground state (Fig. 3(e) ), the corresponding energy gain is more than doubled, (10t spin moment of 1.88 µ B and an antiparallel orbital moment of -1.08 µ B along the z-axis, i.e., the SOC aligns the magnetic moment along the z-axis via the strong SIA, thus producing the perpendicular magnetic anisotropy and the resulting Ising magnetism. Here we assume the spin Hamiltonian
where the first term describes the Heisenberg isotropic exchange (FM when J >0), the second term is the SIA with the easy magnetization z axis (when D >0), and the last term refers to the anisotropic exchange (the easy z axis when J ′ >0). The sum over i runs over all V
3+
atoms with S=1 in the honeycomb lattice, and j over the three first nearest V 3+ neighbors of each i. We have estimated the three magnetic parameters J, D and J ′ , by calculating four different magnetic states, FM and AF with the perpendicular or in-plane magnetization, see Table I . The total energy results allow us to estimate J=6.07 meV, D=15.9 meV, and J ′ =0.67 meV. We see that the perpendicular magnetic anisotropy of the VI 3 monolayer arises predominantly from the D-term, i.e., from the strong Ising-type SIA. This is one of the main results of this Letter. With these three parameters, our Monte Carlo simulations find that T C of the VI 3 monolayer would be 40 K with the J-J ′ contributions, 68 K with the J-D contributions, and 74 K with the J-D-J ′ contributions. Therefore, the D contribution is about 5 times stronger than J ′ in stabilizing the 2D FM order. The above results remain largely unchanged when we carry out a structural optimization for the VI 3 monolayer, see Table I . The only significant change is that the insulating a 1g 1 e ′ − 1 ground state, at the theoretical equilibrium lattice constant a=b=6.70Å (as compared with the experimental bulk value a=b=6.88Å [14] ), becomes even more stable than the e ′ ± 2 state, by 45.5 meV/fu. Actually, the more stable a 1g 1 e ′ − 1 ground state is preferable for the VI 3 monolayer, and it determines the Ising FM desirable for 2D materials. As we demonstrate below, this goal can be achieved when a biaxial tensile strain is exerted on the VI 3 monolayer. With the tensile strain, the VI 6 octahedra undergo a compressive distortion along its local (111) axis, i.e., the crystallographic c axis. As a result, the a 1g singlet will further split off and gets lower in energy than the e ′ ± doublet. Then, the energetically more favorable a 1g 1 e 2 is enhanced upon the tensile strain on the optimized lattice, see the blue curve in the inset of Fig. 4 . Moreover, the FM superexchange strength rises in the feasible strain (e.g., up to 5%), see the red curve. Assuming a feasible biaxial tensile strain, and using the increasing FM superexchange strength and Ising magnetism both associated with the robust a 1g 1 e ′ − 1 ground state, we carry out Monte Carlo simulations to estimate T C in the 2D Ising FM VI 3 monolayer. As seen in Fig. 4 , T C can be increased from 70 K for the bare VI 3 monolayer to 90 K at 2.5% strain, and to 110 K at 5.0% strain. Therefore, VI 3 monolayer could be the first Ising type 2D FM with a pretty high T C , particularly under a biaxial tensile strain. This prediction may call for a prompt experimental verification.
In To explore the possibility to exfoliate a monolayer from the bulk VI 3 , we have calculated the total energy of a VI 3 bilayer as a function of the interlayer distance (see Fig.  S1 ), using DFT+vdW corrections within the Grimme 
FIG. S1. The relative total energy calculated as a function of the distance between two VI3 monolayers with a reference to the experimental vdW distance d0. The cleavage energy is estimated to be 0.27 J/m 2 .
II. LDA, LSDA, and LSDA+U results
We carry out spin-restricted LDA calculations to estimate the crystal (ligand) field splitting in VI 3 monolayer. The calculated density of states (DOS) results are shown in Fig. S2 . A t 2g -e g like octahedral crystal field splitting of more than 1 eV makes the empty e g states of no concern. Note that in the actual trigonal crystal field, the t 2g triplet splits into the nearly degenerate a 1g singlet and e ′ ± doublet, both of which are on average 1/3 filled to fulfill the formal V 3+ 3d 2 state. When the spinpolarized LSDA calculations are performed, we obtain a FM metallic solution (Fig. S3) with the total spin moment of 2 µ B /fu indicative of the formal V 3+ S=1 state. The V 3+ ion has the local spin moment of 1.85 µ B (see Table S1 ), and due to the strong covalency, each iodine becomes negatively spin polarized and has a local spin moment of -0.05 µ B , and the interstitial region also contributes a large spin moment of 0.3 µ B /fu. Obviously, this metallic solution contradicts the experimental FM insulating behavior. Note that the t 2g -like bandwidth is less than 1 eV (Figs. S2 and S3) and should be smaller than any realistic U value of about 3-4 eV for V 3d electrons. Therefore, the electronic correlations should be taken into account, as done in the following +U calculations.
TABLE S1. Relative total energies ∆E (meV/fu) and local spin moments (µB) for the V 3+ ion. The corresponding data for the fully relaxed structures are listed in the round brackets. Our LSDA+U calculations give two different solutions: the metallic one (a 1g 1 e ′ ± 1 ) with the half-filled e ′ ± 1 state and the insulating one with the fully occupied e ′ ± 2 configuration, see Fig. S4 . The former solution has a sharp DOS peak at the Fermi level, and therefore it meets the scenario of a Stoner FM instability. As a result, this solution may be named an itinerant FM, which is, however, in disagreement with the experimental FM insulating behavior. Actually, our LSDA+U calculations find that this solution with the high DOS peak at the Fermi level is much less stable than the insulating e ′ ± 2 state by 229.6 meV/fu, see Table S1 . Moreover, the insulating e ′ ± 2 state turns out to be more stable in FM state than in the AF state by 7.2 meV/fu.
